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Defining a Minimal Computational Unit
for Cerebellar Long-Term Depression
Kalyani Narasimhan and David J. Linden changes in spine shape. Such changes could be impor-
tant in sculpting the relative weights of individual syn-Department of Neuroscience
apses.Johns Hopkins University School of Medicine
Both Ramo´ny Cajal (1893) and Tanzi (1893) suggestedBaltimore, Maryland 21205
a role for changes in the number and/or morphology of
spines in neuronal information storage. Indeed, changes
in spines have been seen in fixed tissue observed in theSummary
electron microscope following environmental enrich-
ment or depletion, following certain learning tasks, andIn cerebellar long-term depression (LTD), conjunctive
as a correlate of aging (reviewed by Bailey and Kandel,stimulation of parallel and climbing fiber inputs to a
1993; Horner, 1993). In addition, changes in spine mor-Purkinje neuron (PN) results in a selective depression
phology have been found following induction of hippo-of parallel fiber–PN synaptic strength. A similar phe-
campal long-term potentiation (LTP), an electrophysio-nomenon may be induced in the cultured PN when
logical model system of information storage (reviewedglutamate pulses and PN depolarization, which mimic
by Wallace et al., 1991; Harris and Kater, 1994). Thesetheeffects of parallel and climbing fibers, respectively,
changes have been primarily observed through statisti-are coapplied. Here, we show that LTD can be induced
cal comparisons of fixed tissue at various points prior toin two very reduced preparations of the postsynaptic
and following LTP induction, but more recently, dynamicneuron; an acutely dissociated preparation and a per-
imaging has shown that individual living spines changeforated outside-out macropatch of dendritic mem-
their shape and spatial orientation as a consequence ofbrane. LTD in these preparations retains properties of
a similar manipulation (Hosokawa et al., 1995). Thesethat seen in an intact cultured PN in that it is not
findings suggest that persistent changes in spine shapeinduced by either glutamate pulses or depolarization
may contribute to the expression of LTP, particularly inalone and requires calcium influx, mGluR activation,
its later phases. Spines may also be important for theandPKCactivation forinduction. Asbothof theseprep-
induction properties of LTP. The ability of spines to am-arations lack dendritic spine compartments, these
plify synaptically driven electrical and chemical signalsfindings suggest that the associative nature of LTD
could facilitate induction of LTP. In addition, the com-induction does not require this level of morphological
partmentalization of electrical and/or chemical signalsorganization.
may regulate the degree to which potentiation can
spread to neighboring synapses, phenomena referred
Introduction to as associativity and input specificity. Specifically, it
has been proposed that spines can more effectively
Dendritic spines are ubiquitous in the CNS and receive compartmentalize calcium than current. As a conse-
most excitatory synaptic connections. Since their dis- quence, the flow of depolarizing current to neighboring
covery in the nineteenth century, their physiological sig- spines would have no effect by itself (input specificity),
nificance in synaptic transmission has been the focus but could trigger LTP when combined with glutamate
of much speculation. Modeling studies have suggested release from presynaptic terminals (associativity) by
severalpotential functions for dendriticspines (reviewed allowing an N-methyl-D-aspartic acid (NMDA) receptor–
by Coss and Perkel, 1985; Calverley and Jones, 1990; mediated calcium influx (Wickens, 1988; Koch and Za-
Koch and Zador, 1993; Harris and Kater, 1994). The dor, 1993). Despite this suggestive correlative and mod-
spine neck is frequently long and thin and thus has the eling data, direct tests of the role of dendritic spines in
potential to provide electrical resistance to current flow neuronal information storage have been lacking, as the
between the spine head and dendritic shaft (Chang, dimensions of the spine make it difficult to measure and
1952; Segev and Rall, 1988; but see Harris and Stevens, very difficult to manipulate.
1988). Thus, the spine neck may act as a modulator Cerebellar long-term depression (LTD) is a persistent
of the electrical signal generated by the synapse. In attenuation of parallel fiber–Purkinje neuron (PN) syn-
addition, the spine neck may serve as a barrier to the apses that results from associative pairing of parallel
flow of diffusible signals such as calcium ions either into fiber and climbing fiber inputs to a PN at low frequency
or out of the spine head. By compartmentalizing calcium (Ito et al., 1982). It is input specific in that it is restricted
and other diffusible signals, spines have been sug- to those parallel fiber–PN synapses that were activated
gested tocreate a localized environment inwhich certain together with climbing fiber stimulation (Ekerot and
synapse-specific reactions can occur (Harris and Ste- Kano, 1985; Linden, 1994). Cerebellar LTD has been
vens, 1988; Koch and Zador, 1993). Finally, the small suggested to underlie certain forms of motor learning
volume of the spine head allows for a great degree of including adaptation of the vestibulo-ocular reflex (Ito,
signal amplification as small numbers of molecules that 1989) and associative eyeblink conditioning (Thompson,
flow into or are mobilized from the spine cytosol will 1986; but see De Schutter, 1995). It is generally under-
achieve a high concentration in this compartment stood to have three initial requirements for induction
(Holmes, 1990). All three of these properties, electrical (reviewed by Linden and Connor, 1995). Parallel fiber
compartmentalization, chemical compartmentalization, activation releases glutamate that acts upon both AMPA
receptors (Linden et al., 1993; Hemart et al., 1995) andand amplification, are critically dependent upon subtle
Neuron
334
metabotropic receptors (Linden et al, 1991), specifically
mGluR1 (Aiba et al., 1994; Conquet et al., 1994; Shige-
moto et al., 1994). The climbing fiber contributes to LTD
inductionvia calcium influx through voltage-gatedchan-
nels (Sakurai, 1990; Konnerth et al., 1992), which is trig-
gered by an AMPA receptor–mediated excitatory post-
synaptic potential. These three initial signals are
followed by stimulation of protein kinase C (PKC), an-
other required step (Crepel and Jaillard, 1990; Linden
and Connor, 1991; Hartell, 1994). The involvement of a
nitric oxide/cyclic GMP cascade in the induction pro-
cess remains controversial, with some groups finding
evidence for (Crepel and Jaillard, 1990; Shibuki and
Okada, 1991; Daniel et al., 1993; Hartell, 1994; Lev-Ram
et al., 1995) and others against (Linden and Connor,
1992; Glaum et al., 1992; Linden et al., 1995) a role for
this signaling pathway.
Cerebellar LTD has been studied using intact cerebel-
lum, cerebellar slice, and cell culture preparations.
Across all of these preparations, it appears that both
the induction and the expression of cerebellar LTD are
postsynaptic. For example, LTD can still be induced
when parallel fiber stimulation is replaced by pulses of
glutamate or quisqualate (Kano and Kato, 1987; Linden
et al., 1991), and climbing fiber stimulation is replaced
by direct depolarization of the PN (Crepel and Krupa,
1988; Hirano, 1991; Linden et al., 1991). That cerebellar
LTD is then detected as a decrease in PN response to
exogenous pulses of glutamate (Ito et al., 1982; Crepel
and Krupa, 1988) or AMPA (Linden et al., 1991) is evi-
dence for its postsynaptic expression.
Since size effectively restricts the selective manipula-
tion of individual spines, we have exploited a model of
cerebellar LTD in which both parallel fiber and climbing
fibers signals have been replaced by postsynaptic ma-
nipulations, to create ultrareduced PN preparations that
lack dendritic spine compartments. By comparing the
properties of LTD in spineless preparations with LTD in
spine-bearing embryonic PNs grown in long-term cul-
ture, we have sought to test the hypothesis that com-
partmentation produced by spines is necessary to con-
fer the associative computational property of cerebellar
LTD induction.
Figure 1. Fura-2 Images of Three Different PN Preparations
(A) Primary dendrite of a cultured embryonic mouse PN, grown in
Results vitro for 16 days. Note prominent laterally projecting structures that
are presumed to be dendritic spines.
(B) Acutely dissociated PN from postnatal day 10 rat. The largeInitially, the ultrareduced PN preparations were ob-
protuberance from the soma is the remaining stump of the primaryserved using fluorescence microscopy to determine
dendrite.their morphology, and specifically, to assess the pres-
(C) A perforated outside-out macropatch after removal from a den-
ence of dendritic spines. To confirm that the imaging drite similar to that shown in (A). Faint conventional bright-field
system employed had adequate resolution and dynamic illumination was mixed with excitation at 380 nm to weakly illuminate
the patch pipette in this image.range to detect dendritic spines, we examined embry-
Scale bar represents 2.5 mm for all three panels.onic mouse PNs grown in culture for >14 days, a prepa-
ration that has previously been shown to have dendritic
spines as determined by electron microscopy (Dunn and
Mugnaini, 1993, Soc. Neurosci., abstract). Clearly identi- Having determined that it was possible to observe den-
dritic spines and other small, weakly loaded struc-fiable laterally projecting dendritic spines wereobserved
on the primary dendrites of fura-2 loaded PNs (Figure tures such as growth cone filopodia (data not shown),
attention was focused upon the ultrareduced prepara-1A). It should be noted that the present imaging system
cannot easily detect spines that extend along an axis tions. Acutely dissociated PNs were typically lightbulb
shaped, consisting of a round soma (typically z25 mmnormal to the plane of focus, and as a result will lead
to underestimation of spine density to some degree. in diameter) and a cylindrical dendritic stump (Figure
Cerebellar LTD in Ultrareduced Preparations
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Figure 2. LTD Induced by Glutamate/Depo-
larization Conjunction in Reduced PN Prepa-
rations
Glutamate/depolarization conjunction ap-
plied at t 5 0 min (indicated by heavy hori-
zontal bar) induced LTD of responses to glu-
tamate test pulses.
(A) Acutely isolated rat PN. Loading with 20
mM BAPTA blocked LTD induction. Scale
bars represent 3 s, 50 pA (control), 100 pA
(BAPTA); n 5 5 per group.
(B) Perforated dendritic macropatch. Re-
placement of the external medium with 0 cal-
cium/0.2 EGTA external saline (indicated by
light horizontal bar) during the conjunctive
stimulus (heavy horizontal bar) blocked LTD
induction. Scale bars represent 3 s, 10 pA;
n 5 7 per group.
1B). In 45 out of 45 acutely dissociated PNs, none Shigemoto et al., 1994) have shown that application of
six glutamate pulses (30–110 ms duration), each pairedshowed any obvious spine compartments. The term
spine compartments used here and in the text that fol- with a 3 s depolarizationstep to 210 mV, reliably induces
LTD of subsequent glutamate test pulses. Figure 2Alows is meant to indicate solely the morphological as-
pect of the spine. Thus, a spine that has been flattened shows this stimulation protocol applied to acutely disso-
ciated rat PNs (P7–P12). Following a baseline recordingor collapsed into the plasma membrane would be said
to lack a spine compartment even if the biochemical period, glutamate/depolarization conjunctive stimula-
tion was applied at t 5 0 min. All the cells showed acomponents of the spine were still present on the now
smooth surface of the neuronal plasma membrane. depression in the amplitude of inward currents evoked
by subsequent glutamate test pulses. The degree ofMacropatches of dendritic membrane extracted from
cultured PNs had a round or oval globular shape (z2 attenuation varied from cell to cell, ranging from 35%–
65% of baseline (measured at t 5 30 min) and persistedmm diameter) and partially protruded from the tip of the
amphotericin-containing patch electrode (Figure 1C). for the duration of the recording. Calcium influx via volt-
age-gated channels has been shown to be necessarySpine compartments or other membranous protuber-
ances were not observed in 15 out of 15 macropatches for cerebellar LTD induction in slice (Sakurai, 1990; Kon-
nerth et al., 1992) and culture (Linden et al., 1991) prepa-of dendritic membrane; 5 out of 5 macropatches of so-
matic membrane could not be distinguished from den- rations. Consistent with these previous observations,
inclusion of a calcium chelator (BAPTA, 20 mM) in thedritic macropatches by morphological criteria (data not
shown). internal saline also blocked LTD induction in acutely
dissociated PNs (Figure 2A). It is worth noting that thePrevious experiments in culture (Linden et al., 1993;
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Figure 3. LTD Is Not Induced by Either Gluta-
mate Pulses Alone or Depolarization Alone in
Ultrareduced PN Preparations
Depolarization alone or glutamate pulses
alone were applied at t 5 0 min (indicated by
horizontal bar).
(A) Acutely isolated rat PN. Scale bars repre-
sent 3 s, 50 pA (glu alone), 100 pA (depol
alone); n 5 3 per group.
(B) Perforated dendritic macropatch. Scale
bars represent 3 s, 10 pA; n 5 5 per group.
acutely disassociated PN preparation is more subject showed glutamate responses that were similar in ampli-
tude to those recorded using dendritic macropatches.to run-down and is more variable than either cultured
PNs (Linden et al, 1993) or dendritic macropatches, Maximal glutamate-evoked inward currents measured
at a command potential of 280 mV were 34 6 10 pAprobably due to enzymatic and mechanical disruption
resulting from the dissociation procedure. (n 5 7) in dendritic and 28 6 11 pA (n 5 6) in somatic
macropatches. However, LTD could not be induced inIontophoretic application of glutamate to dendritic
macropatches resulted in a small macroscopic inward somatic macropatches. After 5 min of baseline re-
cording, 6 conjunctive stimuli were given at t 5 0 min,currents (range 5 12–45 pA) upon which superimposed
single channel openings could sometimes be resolved. followed by 12 stimuli at t 5 10 min. The mean test pulse
response at t 5 9 min was 105% 6 9.8% of baseline,Glutamate/depolarization conjunction induced LTD in
this preparation that was very similar to that seen in and at t 5 20 min was 109% 6 8.0% of baseline (n 5
6). This finding suggests that there are chemical and/orboth acutely dissociated rat PNs and intact cultured
mouse PNs (Figure 2B). As the perforated patch re- structural features of dendritic macropatches that con-
fer upon them the ability to undergo LTD. One candidatecording configuration does not allow for the introduction
of BAPTA internally, the requirement for calcium influx feature is the presence of voltage-sensitive calcium
channels, which have been suggested to be enrichedwas tested by removing external calcium during gluta-
mate/depolarization conjunction. This manipulation was in PN dendrites (Llinas and Sugimori, 1980; Ross and
Werman, 1987), and which are necessary for LTD induc-similarly effective in blocking induction of LTD.
Perforated macropatches of somatic membrane tion (Sakurai, 1990; Crepel and Jaillard, 1991; Linden et
Cerebellar LTD in Ultrareduced Preparations
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Figure 4. LTD Induced by Glutamate/Depo-
larization Conjunction in Ultrareduced Post-
synaptic Preparations Is Blocked by an
mGluR Antagonist or a PKC Inhibitor
The mGluR antagonist (1)-MCPG (250 mM)
was applied prior to and during the glutamate
depolarization conjunction (drug application
indicated by light horizontal bar). The control
groups are duplicated from the correspond-
ing panels of Figure 1 to allow for comparison.
(A) Acutely isolated rat PN. The PKC inhibitor
chelerythrine (10 mM) was applied in the inter-
nal saline. Scale bars represent 3 s, 50 pA
(MCPG), 100 pA (chelerythrine); n 5 5 per
group.
(B) Perforated dendritic macropatch. Cheler-
ythrine (30 mM) was bath applied during the
period indicated by the light horizontal bar.
Scale bars represent 3 s, 10 pA; n 5 7 (con-
trol), n 5 6 (MCPG), and n 5 5 (chelerythrine).
al., 1991). Families of voltage-gated calcium currents fiber stimulation/depolarization alone or parallel fiber
stimulation/glutamate alone. If compartmentalization ofwere evoked by depolarizing steps from a holding po-
tential of 90 mV using an external saline supplemented diffusible or electrical signals by spines were necessary
to confer the associative property of LTD induction, thenwith 5 mM tetraethylammonium-Cl. The mean peak cal-
cium current in somatic macropatches was 35 6 9 pA one might expect that glutamate pulses alone or depo-
larization alone would be sufficient to induce LTD in(n 5 5) and in dendritic macropatches was 122 6 20 pA
(n 5 6). While this difference might underlie the failure ultrareduced preparations. An illustration of experi-
ments in which these manipulations were done is shownto see LTD in somatic macropatches, other potentially
relevant dendrite/somadifferences must also be consid- in Figure 3. In neither case was LTD induced. Alternating
glutamate pulses and depolarization steps applied at aered including the distribution of AMPA and mGluRs,
protein kinases, and phospholipases. frequency of 0.05 Hz (six of each) was similarly ineffec-
tive in inducing LTD in the dendritic macropatch prepa-Cerebellar LTD induction requires coactivation of both
climbing fibers (or depolarization) and parallel fibers (or ration (data not shown).
Finally, itwas important to determine whether the formglutamate). It has been hypothesized that this associa-
tive requirement for LTD induction is conferred by the of LTD observed in these ultrareduced PN preparations
was pharmacologically similar to LTD seen in more con-compartmentalization of the postsynaptic machinery
produced by the dendritic spines. In this manner, the ventional slice and culture preparations. (1)-MCPG, an
antagonist of mGluRs, blocked LTD in both ultrareducedrelative isolationof the spine head prevents it from being
driven beyond the LTD induction threshold by climbing PN preparations, consistent with results previously ob-
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tained in slice (Hartell, 1994; but see Hemart et al., 1995) smooth membrane of the acutely isolated PN may con-
tain domains that correspond to collapsed or flattenedand intact cultured PNs (Linden et al., 1991) (Figure
spines and are thereby enriched in spine biochemical4A). Similarly, inclusion of chelerythrine, a membrane-
components. Similarly, if one assumes a random place-permeant catalytic site PKC inhibitor (Herbert et al.,
ment of the patch electrode upon the primary dendrite1990), in the internal saline of acute dissociated PNs (10
and a density of laterally projecting spines of aboutmM), or addition of chelerythrine (30 mM) to the external
0.5/mm, then it is likely the biochemical componentssaline surrounding dendritic macropatches, blocked
of spines will be contained in a significant fraction ofLTD in both preparations, consistent with results pre-
macropatches. It is possible that in these cases theviously obtained in PNs in slice (Crepel and Jaillard,
spine compartment is collapsed or flattened in the pro-1990; Hartell, 1994) and intact culture (Linden and Con-
cess of macropatch preparation.nor, 1991) (Figure 4B).
Several investigations have reported use-dependent
increases in synaptic strength using preparations that
are likely to lack dendritic spines. Zilberter et al. (1990)Discussion
found that acutely dissociated hippocampal neurons
from 2- to 3-week-old rats could express a short-termThe main finding of this investigation is that both the
potentiation (10–15 min) of responses to glutamate testassociative induction rule and some of the molecular
pulses following high frequency pulsed application of arequirements for LTD induction (mGluR activation, cal-
glutamate/glycine/0 Mg solution. Spine compartmentscium influx, PKC activation) are preserved in two ultra-
were not assessed in this study. In addition, severalreduced postsynaptic preparations of PNs, the acute
reports have claimed that LTP may be seen followingdissociated PN and the PN dendritic macropatch. Using
tetanic stimulation of glutamatergic synapses receivedan imaging system of sufficient resolution and dynamic
by aspiny hippocampal interneurons (Taube andrange to detect dendritic spines in cultured PNs, no
Schwartzkroin, 1987; Ouardouz and Lacaille, 1995; butspines could be seen in either ultrareduced preparation.
see Maccaferri and McBain, 1995) or immature aspinyThese observations suggest that the dendritic spine as
CA1 pyramidal neurons (Durand et al., 1996; but seea separate morphological compartment isnot necessary
Harris and Teyler, 1984; Bolshakov and Siegelbaum,to confer these particular properties of LTD induction
1994).in culture. Furthermore, since the dendritic macropatch
Although dendritic spines have been a favorite topicpreparation lacks somatic and nuclear material, it ap-
for theoretical papers and for assessment in fixed tissue,pears as if somatic/nuclear processes are not required
their size has limited the ability to measure their physio-for this form of LTD induction or expression during the
logical properties in living neurons. Weak tetanic stimu-40 min monitoring period of the present experiments.
lation of associational/commissural afferents gave riseThere are some possibilities that might complicate
to an NMDA receptor–mediated increase in free calciumthe interpretation that these ultrareduced preparations
that was restricted to spine heads of hippocampal CA3lack spines. First, protruding dendritic spine compart-
(Mu¨ller and Connor, 1991) or CA1 (Petrozzino et al.,
ments could be present, but could only extend normal
1995) pyramidal neurons. Stronger stimulation recruited
to the plane of focus, rendering them undetectable. This
calcium increases in the dendritic shaft as well. Mea-
seems unlikely as the orientation of the acute dissoci-
surements made with a lower affinity calcium fluoro-
ated cell or macropatch with respect to the plane of
phore indicated that spine/shaft gradients of >20 mM
focus should be random. Second, protruding dendritic could be achieved (Petrozzino et al., 1995). This sug-
spine compartments could be present but could be so gests that in some cases, synaptically driven changes
weakly loaded with dye as to render them undetectable. in calcium are not communicated to the dendritic shaft.
This is also unlikely, as dendritic spines in intact cultured The converse relation was addressed by Guthrie et al.
PNs are detectable. Third, dendritic spines could be (1991) who produced a calcium influx into the proximal
retracted in such a manner as to maintain the spine dendritic shaft of a CA1 pyramidal neuron by localized
head as a separate compartment, yet render it unresolv- photodamage and then visualized calcium concentra-
able by virtue of being buried within the dendritic shaft tion as the wave of damage-evoked calcium spread
cytoplasm. This possibility is one that cannot be tested down the length of the dendrite. In the majority of spines,
with the current imaging system and that would require the calcium increase in the spine head mirrored that
serial section electron microscopy to address defini- of the underlying dendritic shaft, but in some cases a
tively. However, to our knowledge, no reports exist in significant delay was observed between shaft and spine
the literature that have identified such a structure using calcium levels. A more physiological approach to shaft-
either light or electron microscopic techniques. In partic- to-spine signaling was taken by Jaffe et al. (1994) and
ular, Kay and Wong (1986) reported that transmission Petrozzino et al. (1995) who showed that direct depolar-
and scanning electron microscopy of an acutely dissoci- ization of CA1 pyramidal neurons resulted in similar in-
ated hippocampal CA1 pyramidal neuron preparation, creases in spine and shaft calcium, the onset of which
which is spine-bearing in situ, did not reveal spine com- was simultaneous within the temporal resolution of the
partments. imaging systems employed. This suggests that the flow
The dendritic macropatch, although it does not con- of diffusible signals might operate preferentially in the
tain identifiable spine compartments, may still contain shaft-to-spine direction. This could result in part from
the biochemical components of spines (receptors, ion volume differences between these compartments as
channels, enzymes, structural proteins, endoplasmic re- has been suggested by certain models (Coss and Perkel
1985; Holmes, 1990).ticulum; reviewed by Harris and Kater, 1994). The
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Two recent imaging studies in cerebellar slice have in some other model systems of information storage
(Abraham and Otani, 1991; Bailey and Kandel, 1993).shown that activation of a group of parallel fibers with
a stimulating electrode will give rise to transient in-
creases in calcium in PN dendritic spine heads. One Experimental Procedures
report (Eilers et al., 1995) indicates that calcium in-
Cell Preparationcreases driven by parallel fiber activation are mediated
Embryonic mouse cerebellar cultures were prepared and maintainedsolely by activation of voltage-gated calcium channels
according to the method of Schilling et al. (1991). Cultures wereas a consequence of AMPA receptor activation. These
maintained in vitro for 10–17 days at the time of use in electrophysio-
responses take the form of activated spines together logical experiments. Acutely dissociated rat PNs were prepared
with activated portions of intervening dendritic shaft. according to a protocol developed by Mintz and Bean (1993). In
Activated spine heads were never seen without acti- brief, the cerebellum of a 7- to 11-day-old Harlan Sprague–Dawley
rat was rapidly removed and dissected in ice-cold saline containingvated dendritic shaft, leading these authors to suggest
Na2SO4 (82 mM), K2SO4 (30 mM), HEPES (10 mM), glucose (10 mM),that the calcium response was generated at the level of
and MgCl2 (5 mM) at pH 7.45, adjusted with NaOH. Cerebellar tissue,the dendritic shaft: either shaft depolarization invaded
free of meninges, was cut into small chunks, placed in this saline
the spine head resulting in activation of calcium chan- containing 3 mg/ml Protease XXIII (Sigma), and incubated at 378C–
nels there, or calcium ions themselves invaded spine 408C for 9 min. The tissue was then transferred to saline containing
heads. Another report (Denk et al., 1995) suggests that 1 mg/ml trypsin inhibitor (Sigma T9253) and 1 mg/ml bovine serum
albumin (Sigma A7030). Tissue chunks were kept in this solutionparallel fiber–mediated calcium increases can occur
at room temperature, lightly oxygenated, for the duration of thefrom two sources, either activation of calcium-perme-
experiment (5–6 hr). Immediately before the experimental measure-able ligand-gated receptors or voltage-gated calcium
ments, a single tissue chunk was gently triturated through the tip
channels. However, these investigators found calcium of a fire-polished Pasteur pipette and plated ontoplastic Petri dishes
signals restricted to dendritic spine heads and suggest (for patch recording) or a glass-bottom coverslip clamp chamber
that calcium flux is mediated by ion channels located in (for imaging). They were allowed to sit undisturbed for 5–7 min
before being perfused with the recording external saline describedthe membrane of the spine head itself. This is consistent
below.with reports that have shown immunoreactivity for a
spider toxin–binding protein (presumed to be a P-type
Recordingcalcium channel; Hillman et al., 1991) or the cloned a1A
Acute Dissociated PNscalciumchannel subunit (Westenbroek et al., 1995) in PN
Whole-cell patch electrodes were attached to PN somata and weredendritic spines. In comparing these calcium imaging
used to apply a holding potential of 280 mV. Iontophoresis elec-
studies, it should be noted that Denk et al. (1995) used trodes (1 mm tip diameter) were filled with 10 mM glutamate (in 10
voltage-clamp recording, a manipulation that might be mM HEPES, adjusted to pH 7.1 with NaOH) and were positioned
z20 mm away from the dendritic stump (see Figure 1B). Test pulsesexpected to limit the extent of postsynaptic excitation,
of glutamate were delivered using negative current pulses (600–800while Eilers et al. (1995) used current-clamp recording
nA, 30–110 ms duration) applied at a frequency of 0.05 Hz. Afterin the presence of a GABAA receptor antagonist, which
acquisition of baseline responses, six conjunctive stimuli were ap-would tend to promote postsynaptic excitation. In both
plied, each consisting of a glutamate test pulse triggered simultane-
cases, however, stimulation of parallel fibers in a manner ously with a 3 s long depolarization step to 0 mV. Cells were bathed
that was subthreshold for activation of dendritic calcium in a solution that contained NaCl (140 mM), KCl (5 mM), CaCl2 (2
mM), MgCl2 (0.8 mM),HEPES (10 mM), glucose (10 mM), tetrodotoxinspiking produced an increase in spine head calcium.
(0.0005 mM), and picrotoxin (0.01 mM), adjusted to pH 7.35 withThe present observations suggest that the dendritic
NaOH, which flowed at a rate of 0.5 ml/min. The recording electrodespine as a separate morphological compartment is not
contained CsCl (135 mM), HEPES (10 mM), EGTA (1 mM), Na2-ATPnecessary to confer the associative learning rule of LTD
(4 mM), and Na-GTP (0.4 mM), adjusted to pH 7.35 with KOH. In
induction. However, the present report should not be experiments where Cs4-BAPTA (20 mM) was added to the internal
taken to mean that spine compartments are unimportant saline, the concentration of CsCl was reduced to 95 mM. Patch
electrodes were pulled from N51A glass and polished to yield afor the function of parallel fiber–PN synapses, or even
resistance of 3–5 MV when measured with the internal and externalthat they are unimportant for certain aspects of LTD
salines described above. Membrane currents evoked by applicationinduction. In PNs in situ, all excitatory input occurs on
of glutamate were recorded with an Axopatch 200A amplifier inspines and so LTD expression must ultimately regulate
resistive voltage-clamp mode and stored on a chart recorder.
AMPA receptors present on spines. The present re- Perforated Dendritic Macropatches
duced preparations rely on exogenous glutamate pulses The technique used was a variant of that described by Levitan
to mimic glutamate release by the parallel fiber terminal. and Kramer (1990). Patch electrodes were fabricated as described
above, with the exception that they were somewhat smaller, yieldingAs the latter signal is much smaller, it is possible that
a resistance of 6 MV when filled with the following internal saline:signal amplification in dendritic spine compartments is
Cs2SO4 (95 mM), CsCl (15 mM), MgCl2 (8 mM), HEPES (10 mM),still required in the more physiological case. In addition,
adjusted to pH 7.35 with CsOH. Electrode tips were filled with a
it is likely that the compartmentation of diffusible signals small amount of this solution, and the shanks backfilled with this
triggered by synaptic activity is an important function solution supplemented with amphotericin B (Sigma) at a concentra-
of PN dendritic spines, and it is possible that this com- tion of 300 mg/ml (Rae et al., 1991). Stable access resistance of <10
MV could beobtained within 10 min of gigaseal formation. Followingpartmentation contributes to the observed input speci-
gigaseal formation, the recording electrode was axially retractedficity of LTD. Similarly, the observation that LTD may
very slowly (z2 mm/min) to form the perforated outside-out mac-be induced and expressed in a dendritic macropatch
ropatch (see Figure 1C). This procedure was successful z30% of
should not be taken to mean that nuclear/somatic pro- the time. Glutamate pulse application, external saline composition,
cesses do not contribute to these phenomena. Indeed, current recording, and the glutamate/depolarization conjunction
nuclear/somatic contributions may be necessary for protocol were the same as used for acute dissociated PNs.
Chelerythrine chloride (LC Laboratories) was prepared as a 10later phases of cerebellar LTD, as has been suggested
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mM stock in 100% DMSO prior to being dissolved in internal saline long-term depression of synapses in the cerebellum. Neuroreport
1, 133–136.for use. (1)-MCPG (Tocris Cookson) was prepared as a 100 mM
stock in 110 mM NaOH. Experiments were conducted at room tem- Crepel, F., and Jaillard, D. (1991). Pairing of pre- and postsynaptic
perature. All drugs were applied by switching the bath solution to activities in cerebellar Purkinje cells induces long-term changes in
one containing the drug at a point upstream from the bath chamber. synaptic efficacy in vitro. J. Physiol. 432, 123–141.
Crepel, F., and Krupa, M. (1988). Activation of protein kinase C
Imaging induces a long-term depression of glutamate sensitivity of cerebellar
Imaging of cytoplasmic volume was accomplished by incubation of Purkinje cells: an in vitro study. Brain Res. 458, 397–401.
acutely isolated PNs in fura-2/AM (10 mM, 30–45 min) dissolved
Daniel, H., Hemart, N., Jaillard, D., and Crepel, F. (1993). Long-in the BSA/trypsin inhibitor–containing medium described above,
term depression requires nitric oxide and guanosine-39,-59-cyclicfollowed by washout of unincorporated dye. Cultured embryonic
monophosphate production in cerebellar Purkinje cells. Eur. J. Neu-PNs were loaded using somatic patch pipettes containing KCl (100
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